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ABSTRACT 


New  concepts  tor  submarine  propulsion  plants  are  continuously 

BEING  PRESENTED  TO  THE  NaVY  TOR  REVIEW  AND  POSSIBLE  APPLICATION. 

An  analytical  method  is  now  being  used  to  determine  THE 

EFFECT  or  POWER  PLANT  WEIGHT  AND  THERMAL  EFFICIENCY  ON  THE  CRUISING 
RADIUS,  SPEED,  AND  VESSEL  DISPLACEMENT.  A  MATHEMATICAL  MODEL  RE  PRESENT - 
ING  THE  PROPULSION  PLANT  AND  VESSEL  ^  JLL  WAS  PREPARED  AND,  BY  MEANS  OF 
A  DIGITAL  COMPUTER,  THE  EFFECTS  OF  VARYING  SEVERAL  DESIGN  PARAMETERS 
WERE  STUDIED.  By  COMPARING  THE  PREDICTED  PERFORMANCE  OF  SEVERAL  TYPES 
OF  POWER  PLANTS  WITH  THE  RESULTS  OF  T HE  COMPUTER  STUDY  IT  IS  POSSIBLE 
TO  SELECT  THOSE  WHICH  JUSTIFY  FURTHER  DEVELOPMENT  FOR  NAVY  USE. 


ADMIN,eTRATIVE  INFORMATION 

This  report  was  prepared  as  part  or  MEL  Assignment  75  5^1  which 
WAS  AU'rlORIZED  BY  BUSHIPS  LETTER  SF013  01  03  SER  430-068  OP  20  DECEMBER 
1962.  The  work  was  performed  under  Sub-project  SF013  01  03,  Advanced 
FBM  Studies,  Task  0218,  Propulsion  System  Analysis.  To  expedite  pro¬ 
gress  or  these  analyses,  two  study  contracts  were  awarded  to  the 
Westinghouse  Electric  Company,  Contract  Numbers  N600(6l533)61?94  AN£> 
n600{61533)61394,to  supplement  studies  in  progress  at  MEL.  Ti,:se 
cover  Propulsion  Systems  and  Electrical  Ancillaries  to  Propulsion  Sys¬ 
tems,  respectively.  Westinghouse  sub-contractors  include  Hyoronaut i cs, 
Incorporated,  and  Stein  Seal  Company,  in  addition  to  their  own  Marine 
Systems  Engineering  Department,  Research  and  Development  Center,  Devel¬ 
opment  Engineering  Department  and  Advanced  Systems  Engineering  Depart¬ 
ment  . 
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A  METHOO  FOR  SYNTHESIS  AND  SELECTION  OF 
PROPULSION  PUNTS  FOR  SUBMARINES 


Introduction 

Until  development  of  the  nuclear  powered  submarine,  all  American 

SUBMARINES  USED  AN  INTERNAL  COMBUSTION  ENGINE  WHt  »  SURFACED  AND 
ELECTRIC  MOTORS  POWERED  BY  BATTERIES  WHEN  SUBMERGED.  WHILE  THE  ADOP¬ 
TION  OF  THE  SNORKEL  AFTER  WORLD  WAR  II  GREATLY  EXTENDED  THE  NEAR¬ 
SURFACE  ENDURANCE,  IT  DID  NOT  EXTEND  THE  FULLY  SUBMERGED  OPERATION. 

Power  plants  capable  of  operation  for  protracted  periods  when 

FULLY  SUBMERGED  HAVE  BEEN  SOUGHT  FROM  THE  CONCEPTION  OF  THC  FIRST 
SUBMARINE.  PROMISING  RESULTS  WERE  OBTAINED  IN  GERMANY  AS  EARLY  AS 
1907  WITH  A  CLOSED-CYCLE,  INTERNAL-COMBUSTION  ENGINE,  OPERATING  ON 
GASOLINE  AND  BOTTLED  OXYGEN. ^ ^  HOWEVER,  THE  STORAGE  OF  LARGE  VOLUMES 
OF  PURE  OXYGEN  UNDER  A  PRESSURE  OF  200  ATMOSPHERES  WAS  THEN  CONSIDERED 
TO  BE  TOO  HAZARDOUS,  ANO  THE  PROJECT  WAS  DROPPED.  SUCH  A  SYSTEM  WAS 
UNDER  ACTIVE  DISCUSSION  IN  THE  UNITED  STATES  BCFORE  WORLD  War  |.'*^ 

According  to  Scientific  American, (3)  Congress  authorized  conversion  of 
an  E-type  submarine  to  oferate  on  the  Neff  closed-cycle  system  in  a 
1917  appropriation  bill;  however,  there  is  no  record  that  it  was  ever 

COMPLETED. 

Interest  in  closed-cycle  power  plants  lapsed  in  this  country, 
although  it  continued  active  in  others,  until  World  War  II.  Alarm 

OVER  REPORTED  ENEMY  SUCCESSES  WITH  SNORKEL  AND  CLOSED-CYCLE  SYSTEMS 
SPARKED  A  REVIVAL  OF  INTEREST  WHICH  LEO  TO  NAVY  SPONSORSHIP  OF  RESEARCH 
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AND  DEVELOPMENT  ON  CLOSED-CYCLE  DIESEL  AND  GAS  TURBINE  ENGINES, 

A  WALTER-CYCLEj  HYOROGEN  PEROX  IDE-0  I  ESEL-  f'UEL- BURN  I  NGj  STEAM-GAS  TURBINE 
PLANT,  A  STEAM  PLANT,  AND  FINALLY  THE  NUCLEAR  POWER  PLANT. 

When  this  proved  satisfactory,  development  of  competitive  systems 
was  discontinued. 

Several  countries  have  built  submarines  powered  by  closco-ocu 

POWER  PLANTS,  INCLUDING  THE  UNITED  STATES.  ThE  MIDGE'*  SUBMAR  i  Nt  S 

used  by  the  Japanese  in  the  December  7,  1941,  attack  on  Pearl  Marbu*, 
as  well  as  midget  Italian  submarines  used  in  World  War  II,  were 
powered  by  closed  cycle  internal  combustion  engines. 

The  American  submarine,  X-1,  commissioned  in  1954  and  described 

in  REFERENCES  (4)  AND  (6),  WAS  POWERED  WHEN  SUBMERGED  BY  A  CLCSfO- 
CYCLE  diesel  engine  WHICH  operateo  on  DIESEL  FUEL  ANO  OXYGEN  rnCM 
DECOMPOSED  HYDROGEN  PEROXIDE.  T HE  PCROXIDC  TANKAGE  AND  ALL  CLOSED 
CYCLE  CAPABILITY  WERE  REMOVED  FROM  THIS  BOAT  SEVERAL  YEARS  AGO,  FOLLOW- 

.ng  a  fire.  The  British  i nstalleo  Walter-cycli^  hydrogen  perqxide- 

D  .  E  SE  L-FUE  L-  BURN  I  NG,  STEAM-GAS  TURB-!  NE  POWER  PLANTS  IN  «  NEW  CLASS  OF 

submarines  in  1954. These  were  used  to  supplement  battery  power 

WHEN  BURSTS  OF  SPEED  WERE  REQUIRED  FOR  SHORT  PERIODS  WHEN  UNDER  WAY 
SUBMERGED.  ThE\  WERE  NOT  CONSIDERED  SUITABLE  FOR  CONTINUOUS  USE  DUE 
T0  THEIR  RELATIVELY  HIGH  FUEL  CONSUMPTION. 

I  HE  Marine  Engineering  Laboratory  is  reviewing  previous  applica¬ 
tions  OF  THESE  SYSTEMS  ANO  IS  STUDYING  CURRENT  TECHNOLOGY  TO  DETERMINE 
THOSE  AREAS  THAT  MIGHT  REQUIRE  FURTHER  RESEARCH  AN.->  DEVELOPMENT  IF 
THCY  ARE  TO  FIND  APPLICATION  IN  SPECIFIC  SHIPS.  SUBMARINES  OESIGNEO 
FOR  OPERATION  AT  GREATER  OEPTHS  WILL  REQUIRE  THICKER  AND  HEAVIER  HULLS. 
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As  A  RESULT,  MACHINERY  MUST  BE  MORE  COMPACT,  EFFICIENT,  AND  LIGHTER 
THAN  THAT  HERETOFORE  USEO.  IT  SHOULD  ALSO  BE  QUIETCR,  MORE  RELIABLE, 
AND  SUBJECT  TO  A  GREATER  DEGREE  OF  AUTOMATIC  CONTROL. 

Many  types  of  propulsion  systems  are  being  studied.  Some  or  these 

ARE  NOT  APPLICABLE  FOR  MOST  MISSIONS.  THE  NATURE  AND  DURATION  OF  THE 
MISSION  ASSIGNED  TO  THE  SHIP,  AS  YET  UNSPECIFIED,  will  BE  THE  DOMINANT 
FACTOR  IN  SELECTING  AN  OPTIMUM  SYSTEM.  A  SCHEMATIC  DIAGRAM  OF  THE 
PROPULSION  SYSTEM  ANALYSIS  IS  SHOWN  IN  FIGURE  1.  IT  SHOULD  BE  NOTED 
THAT  THESE  ARE  NOT  SIMPLE  BUILDING  BLOCKS  THAT  MAY  £>£  INDISCRIMI¬ 
NATELY  COMBINED.  For  EXAMPLE,  THE  USE  OF  SOLID  FUELS  WOULD  BE 
INCOMPATIBLE  WITH  THE  USE  OF  A  CLOSED  CYCLE  DIESEL  ENGINE.  ThE 
CHARACTERISTICS  TO  BE  STUDIED  FOR  EACH  SYSTEM  ARE  SHOWN  IN  FIGURE  2. 
Fuels  and  Oxidants 

Fuels  and  oxidants  are  being  surveyed  to  determine  which  com¬ 
bination  OFFERS  THE  BEST  OVERALL  PERFORMANCE.  DENSITY  OF  ENERGY 
STORAGE,  EASE  OF  HANDLING,  TOXICITY,  CALORIFIC  VALUE,  AND  PROBLEMS 
IN  DISPOSING  OF  COMBUSTION  PROOUCTS  WILL  BE  COMPARED.  SOME  OT  THOSE 
BEING  STUDIED  ARE  LISTED  IN  TABLE  1.  CALCULATIONS  IN  THIS  PAPER  ARE 
BASEO  ON  THE  USE  OF  LIQUID  OXYGEN  AS  AN  OXIDANT.  OTHER  OXIDANTS, 
CAPABLE  OF  BEING  STORED  AT  NORMAL  AMBIENT  TEMPERATURES  AND  PRESSURES, 
ARE  ALSO  BEING  STUDIED.  TO  MINIMIZE  THE  PROBLEMS  IN  HANDLING  SOLID 
FUELS,  A  METAL  FUEL  CAN  BE  PREPARED  IN  POWDERED  FORM  AND  BLENDED  WITH  A 
LIQUID  FUEL  TO  FORM  A  STABILIZED  SLURRY  WHICH  WILL  HAVE  A  CALORIFIC 
VALUE  INTERMEDIATE  BETWEEN  THAT  OF  THE  SOLID  AND  LIQUID  TUEL.  OTHER 
HIGH  CNERGY  DENSITY  FUELS,  INCLUDING  THE  METAL  HYDRIDES,  ^  HAVE 
HIQH  CALORIFIC  VALUES  AND  MUST  BE  CONSIDERED. 
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Propulsion  System  Ai 


31  Btu/lb  Brake 

o  Consumables  Horsepower 

n 


Analysis 


Transmission 

Mechanical 

Hyoraulic 

Electrical 

Other 


Shaft  Seals 


Thrust  Conversion 

Propeller 

Nozzle 

Other 


* 


Shaft 

Horsepower 


Effective 

Horsepower 


Characteristics  to  bc  Studied  for  Each  System 

1.  Weight  a no  volume  of  machinery,  incluoing  a  configuration  of  each 

PLANT  TO  A  HULL. 

2.  Efficiency  of  machinery  and  rate  of  consumption  of  fuel  ano  oxidant 

AT  DIFFERENT  CRUISING  SPEEDS. 

3.  Exhaust  oisposal. 

4.  Noise  characteristics  and  resistance  to  shock. 

5.  Heat  rejection. 

6.  Reliability  and  maintenance  problems.  Consequences  of  derangements. 

PREOICTEO  LIFE  OF  MA  OR  COMPONENTS. 

7.  Logistic  suppc;..  problems.  Fuel  oxidant,  spare  parts,  etc. 

8.  Development  effort  required  and  potential  for  growth. 

9.  Feasibility  of  installing  major  components  external  to  the  pressure 

HULL. 

10.  Maneuverability  and  power  demand  response. 

11.  Cost  of  development,  manufacture,  and  operation. 
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F IGURE  2 


Table  1 

Characteristics  or  Fuels  amo  Oxidants 


Fuel 


mean  Specific 
Specific  Btu/lb  Oxygen/Fuel  Gravity 
Gravity  Consumables?  Weight  Rates  of  Consumables? 


Beryllium 

Lithium 


Aluminum 
i  Hydrogen 


1.85 

0.53 

2.33 

2.70 

0.071  AT 
-423  F 


Diesel  Fuel  Oil  0.84 

Pentaborane  0.62 

Aluminum  0.54 

Borohyorioe 


10,300 

8,590 

7,900 

7,060 

5,780 

4,370 

7,150 

6,300 


REEZ ING 


Oxidant 


Iiqjid  Oxygen 


Gaseous  Oxy- 


HvOROGEN 

Peroxide 


Specific  J  Boiling  Point 
Gravity  i  F 


1.14  at 
BOILING 
PO  I  NT 

0.237 


1.463 


Oxidants 

-297 


Perchloryl  1.43  116 

F  LUOR IDE 


ASED  ON  THE  USE  OF  LIQUID  OXYGEN 

At  3000  psi  pressure. 

With  diesel  fuel  oil. 


-361 

1.054 

-361 

0.283 

29 

1.20 

-231 

1.29 

I  1-  ' 


WATER-REACTING  FUELS,  SUCH  AS  LITHIUM  AND  SODIUM,  APPEAR  ATTRACTIVE, 
SINCE  THEY  DO  NOT  REQUIRE  THE  SHIP  TO  CARRY  A  SUPPLY  OP  OXIDANT. 

Performance  data^  indicate  that  lithium  is  highly  eppective.  Sodium 

WHICH  IS  CHEAPER  AND  IN  MORE  ABUNDANT  SUPPLY  WAS  SHOWN  TO  HAVE  AN 
APPRECIABLY  HIGHER  RATE  OP  CONSUMPTION. 

The  hydrocarbon  fuels  are  the  cheapest  a ho  most  universally 

AVAILABLE.  HYDROGEN  A NQ  METHANE,  WHICH  HAVE  THE  HIGHEST  HEATING 
VALUES,  ARC  GASES  AT  NORMAL  AMBIENT  TEMPERATURES  ANO  MAY  BE  BETTER 
STORED  AS  CRYOGENIC  LIQUIDS.  OTHER  HYDROCARBON  FUELS  DO  NOT  VARY 
GREATLY  IN  NET  HEATING  VALUE.  JET-ENGINE  ANO  DIESEL-ENGINE  FUELS  ARE 
MOST  ATTRACTIVE  FOR  USE,  SINCE  THEY  ARE  CURRENTLY  USEO  IN  GREAT 
QUANTITIES  AND  OFFER  FEW  PROBLEMS  OF  DISTRIBUTION  OR  STORAGE. 

Other  Sources  of  Energy 

Storage  batteries,  heat  storage  in  molten  salts,  as  proposed  in 

REFERENCE  (10),  ANO  ELECTRICAL  ENERGY  STORED  IN  SUPERCONOUCT i NG 
SOLENOIDS^ ARE  CONSIDERED  POTENTIALLY  SUITABLE  FOR  THE  LOW-ENERGY 
SUBMERGED  MISSIONS. 

Energy  Conversion 

The  FOLLOWING  TYPES  OF  ENERGY  CONVERSION  ARE  AMONG  THOSE  BEING 


considered: 


a.  Internal  combustion  (closed  cycle  diesel  engine). 

b.  External  combustion  (with  regeneration). 

(1)  Closed-cycle  gas  turbine. 

(2)  Steam  engine  or  turbine. 

(3)  Stirling-cycle  engine. 

c.  Fuel  cells. 


i 
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0.  MaGNE TON YDROO YNAM I C  GENERATOR. 

C  .  THERMIONIC  GENERATOR, 
r.  THERMOELECTRIC  OCMCfUTO*. 

The  performance  or  meat  engines  it  restricted  tv  the  limited 

ENDURANCE  Of  STRUCTURAL  MATERIALS  AT  ELEVATEO  TEMPERATURE*.  IT  It 
NECESSARY  to  LIMIT  COMtUSTION  CHAMBER  TEMPERATURES  »Y  DILUTING  THE 
REACTANTS,  USUALLY  WITH  WATER  OR  RECYCLED  EXHAUST  GAS.  AS  MEW,  HIGH- 
STRENGTH,  HIGH-TEMPERATURE  MATERIALS  ARE  OEVELOPEO  AND  APPLIED,  THE 
EFFICIENCIES  OF  ALL  HEAT  ENGINES  WILL  IMPROVE.  To  ATTAIN  HIGH  EFFI¬ 
CIENCIES,  HEAT  ENGINES  WILL  REQUIRE  THE  USE  OF  THE  MAXIMUM  AMOUNT  OF 
REGENERATION  PERMITTED  BY  THE  SPACE  ANO  WEIGHT  ALLOWANCE  FOR  THE 
POWER  PLANT.  Fuel  cells  are  not,  in  general,  subject  to  this  LIMITA¬ 
TION,  SINCE  THEY  ARE  NOT  GOVERNED  BY  THE  SAME  THERMOOYNAM I C  LAWS  AS 
Hr*T  ENGINES  AND  CAN  BE  EFFICIENTLY  OPERATED  AT  MODERATE  TEMPERATURES . 
An  ECONOMICAL  METHOD  FOR  DISPOSAL  OF  NON CONDENSABLE  GASES  IN  COM¬ 
BUSTION  EXHAUST  PRODUCTS  HAS  NOT  YET  BEEN  ACHIEVED. 

TRANSM I SS I ONS 

The  following  types  of  power  transmission  are  being  cvaluatco: 

a.  Electrical  generator  ano  motor. 

b.  Hydraulic  pump  ano  motor. 

c.  Gear  ano  friction  drives. 

d.  Clutches  ano  couplings. 

e.  Torque  converters. 

While  the  efficiency  of  the  gear  drive  may  not  be  bettered,  a 

QUITTER  OR  OTHERWISE  MORE  OCSlRABLE  TRANSMISSION  MAV  BE  O0TAINCO. 

The  propeller-shaft  seal  and  thrust  bearing  offer  difficult  design 
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PROBLEMS.  THC  PROPCLUtfU  SHAFT  THRUST  SCAR  (NO  A  NO  ITS  SUPPORT  I  NO  STRUCTURE 
MIST  CARRY  ROTH  TKt  PROPELLER  THRUST  A NO  THC  MYOROSTATIC  RRCSSURE  DUE 
TO  OtRTH.  ROTATING  HULL  RE HC THAT  IONS  CAN  RC  ELIMINATED  RV  THE  USE  Of 
SURMENOEO  ELECTRIC  OR  HYDRAULIC  MOTORS.  THESE  MOTORS  00  NOT  REQUIRE 
CORRLCX  SHAFT  SEALS  AND*  SINCE  ROTH  CMOS  OF  THC  SHAFT  ARC  CXROSCO  TO 
0ERTM  PRESSURE*  THE  THRUST  HEARING  CARRIES  ONLY  THE  PROPELLER  THRUST. 

Water- lush i cated  submerged  motors  arc  now  UNOCR  development  IN  SEVERAL 

LABORATORIES,  INCLUOINO  OUR  OWN. 

Ppucr-to-Thrust  Conversion 

The  performance  of  nozzles  and  jet  pumps  is  seino  compared  with 
that  or  screw  propellers.  Tmc  USE  Of  multiple  power  poos  IN  PLACE  Of 

SOME  Of  THE  CONTROL  SURfACCS  IS  A  POSSIBILITY.  MaGNCTOHYDRODYNAMI C 
PROPULSION  APPEARS  ATTRACTIVE  SINCE  IT  PROOUCES  NO  GEAR  OR  CAVITATION 
NOISE. 

Synthesis  or  Applied  Propulsion  Plants 

Variations  in  propulsion  plants  similar  to  those  previously 
DISCUSSED  AND  OTHERS  WHICH  REPRESENT  TOTALLY  NEW  CONCEPTS  ARE  CON¬ 
TINUALLY  BEING  PROPOSED  AND  MUST  BE  REVIEWED  BY  THE  NAVY.  EArH  REVIEW 
MUST  NOT  ONLY  VERITY  THE  PREDICTED  PERfORMANCE  AW  OTHER  CHARACTER¬ 
ISTICS  Of  THE  PROPOSED  PLANTS  OUT  MUST  ALSO  EVALUATE  THC  POTENTIAL 
BENCE  I TS  Of  THE  PROPOSED  PLANTS  TO  PARTICULAR  SHIPS  AND  MISSIONS. 

THE  CONTINUING  REVIEW  Of  PROPULSION  PLANTS  INVOLVES  A  CONSIDERABLE 
AMOUNT  Of  ENGINEERING  CffORT.  To  EXPEDITE  THIS  PROCESS,  A  MATHEMATICAL 
MODEL,  REPRESENTING  THC  PERfORMANCE  Of  THE  PROPULSION  PLANTS  AND 
VESSELS,  WAS  PREPARED,  A NO  BY  MEANS  Of  A  FORTRAN  COMPUTER  PROGRAM 
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SOAPS  (Synthesis  or  Applied  Propulsion  Systems),  the  effects  of  vary¬ 
ing  SEVERAL  DESIGN  PARAMETERS  ARE  STUDIEO. 

The  program  may  bc  briefly  described  as  follows: 

a.  Referring  to  Figure  3,  a  value  representing  payload  is 

INSERTED  INTO  THE  PROGRAM. 

B.  A  PRESSURE  HULL  CAPABLE  OF  THE  SUBMERGED  DEPTH  ENVELOPES 
THE  **AYLOAD  PROVIDING  NEUTRAL  BUOYANCY  FOR  THE  PAYLOAD  ANO  HULL  WEIGHTS. 

c.  Propulsion-machinery  requirements  are  computed,  and  the 

WEIGHT  OF  THE  COMPONENTS  IS  ADDED  TO  THE  BASIC  PAYLOAD  AND  HULL  WEIGHT. 

o.  Fuel  and  oxidant  quantities  are  computed  from  criteria 

REPRESENTING  MISSIONS  ENERGY  REQUIREMENTS,  AND  THIS  WEIGHT  IS  ADDED 
TO  THE  PAYLOAD,  HULL,  ANO  PROPULSION  MACHINERY  WEIGHTS. 

e.  The  computer  proceeds  to  iterate  the  combined  weights 

TRACING  THE  LOOPS  WITH  A  PROVISION  TO  TEST  THE  RATE  OF  CHANGE  OF  THE 
SUBMERGED  DISPLACEMENT  AT  EACH  SUCCESSIVE  ITERATION.  WHEN  THE  RATE 
OF  CHANGE  OF  SUBMERGED  DISPLACEMENT  SETTLES  DOWN  TO  A  PREDETERMINED 
VALUE,  THE  PROGRAM  STOPS  ANO  THE  DATA  OF  THE  FINAL  ITERATION  IS 
PRINTEO  OUT.  THE  GROWTH  OF  SUBMERGED  DISPLACEMENT  WITH  EACH  ITERATION 
IS  SHOWN  AT  THE  UPPER  LEFT-HAND  CORNER  OF  FIGURE  3.  This  GROWTH  IS  DUE 
TO  THE  SUCCESSIVE  ADDITION  OF  CONSUMABLES  AND  PROPULSION  MACHINERY 
Wl TH  EACH  I TERATION. 

Before  a  detaileo  development  of  the  program  is  presented,  it 

MAY  BE  WELL  TO  EXPLAIN  THE  BASIC  ASSUMPTIONS  WHICH  HAVE  BEEN  USED  IN 
FORMULATING  THE  PROGRAM.  FIGURE  4(a)  SHOWS  THAT  ALL  OF  TmC  SHIP  COM¬ 
PONENTS,  EXCEPT  THE  MAIN  BALLAST,  HAVE  BEEN  FITTED  INTO  THE  PRESSURE 
MULL. 
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DISPLACEMENT 


Simplified  Flow  Diagram  Syn 
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2  4  6  S 

NO.  OF  ITERATION 
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Synthesis  of  Applied  Propulsion  Systems 
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f  WT.  Of  COMPONENTS  IN  PRESSURE  HULL  ^ 
BALLAST  L  fmo*p  7rOR  CONSUMABLES 

\  arm.  disc  HAfKFUCll  OXlO.f  TANkT 


ballast  a 
external  equip. 


FAIRING . 


PRESSURE  HULL 


RE3SURE  MOLL  ^  ACT.  ON  AS  A  FuNCT  >  ON  Or  3  r’-TRoENCC  Depth 


and  Mater.- At 


STEEL 


ALUMINUM 


|GRP(  <r:  I00,000p3l)\  ^^sJiTANiUM 


GRP  (g--  200,000  psi) 


0  .1 


.9  I 


HULL  FRACTION 

'  DISPLACEMENT  • 


These  include  payloao,  propulsion  machinery,  and  propulsion  system 

CONSUMABLES,  PAYLOAD  IS  A  CATCH-ALL  QUANTITY,  WHICH  INCLUDES  ARMAMENT 
AND  MISCELLANEOUS  ITEMS,  SUCH  AS  ELECTRIC  PLANT,  COMMUNICATIONS  AND 
CONTROL,  AUXILIARY  SYSTEMS,  OUTf I T  AND  TURN  I SH I NGS ,  EFFECTIVE  FAIRING 
WEIGHT,  AND  CONSUMABLE  F  FOR  AUXILURV  POWER. 

The  VEHICLE  IS  FAIRED  TO  PROVIOE  A  NEAR-OPTIMUM  HYDRODYNAMIC 
SHAPE  SIMILAR  TO  THAT  OF  ALBACORE .  THE  PRE SSURE- HULL  WEIGHT  IS  DETER¬ 
MINED  FROM  DATMOBAS  DATA  REPRESENTING  HULL  FP*CTION  AS  a  FUNCTION  OF 
SUBMERGENCE  DEPTH  AND  HULL-MATERIAL  STRENGTH,  AS  SHOWN  IN  FlGURE  4(b). 
U>ULL  FRACTION  IS  THE  RATIO  OF  THE  PRESSURE  HULL  WEIGHT  TO  THE  WEIGHT 
OF  I TS  0 i SPLACEMENT. 

A  SUMMARY  OF  THE  PROGRAM  INPUT  DESIGN  CRITERIA  AND  OUTPUT 

parameters  is  shown  in  Table  2.  Also  provided  in  Table  2  is  the 

NOMENCLATURE  PERTAINING  TO  THE  FOLLOWING  ANALYSIS: 

Referring  to  Figurc  5,  the  program  starts  with  the  calculation 

OF  PAYLOAD, 

1 .  wr  wa  +  ws 

2.  WT  =  WP  +  WM  +  WPR 

WHERE  WT  =  TOTAL  WEIGHT  OF  ALL  SYSTEMS  IN  THE  PRESSURE  KUuL. 

3.  Dt  -  WT / ( 1  -  OK) 

wher:  Or  -'DISPLACEMENT  of  the  pressure  hull  for  neutral  BUOYANCv. 

4.  DT  =  Dt  X  RBF 

-  VSUB  -  DT/RH0 

WHERE  VSUB  -  SUBMERGED  VOLUME  OF  THE  TOTAE  VEHICLE. 


Table  2 


Input  ano  Output  Data 


Input  Data 


AA  *  Appendage  allowance 

C  =  Convergence  criteria 

CP  =  PRISMAT'C  coefficient 

CS  =  Wetted-surface  coefficient 

Depth  =  Depth  of  submergence  in  feet 

DK  =  Hull  fraction,  hull  weight/displacement,  KD 

DL  =  I/O;  length/maximum  diameter 

Fuel  =  Fuel  weight/brake  horsepower  hour  in  -  LB . _ 

N  *  Number  of  iterations  shp-hr 

Ox  id  »  Oxidant  weight/brake  horsepower  hour  in  lb 
PN  =»  Np;  Propulsion  efficiency  bhp-mr 

RBF  =  Reserve  buoyancy  factor 

RHO  =  RHO  of  sea  water  in  i® _ 

C-U  FT 

S  -  Cruise  radius  in  nautical  miles 

TFF  =  Tankage  factor  of  fuel;  ta?»k  weight/fuell  weight 

TFO  -  Tankage  factor  of  oxidant;  tans  w^ight/oxidant  weight 

V(2)  -  Average  velocity,  i.e.,  cruising  speed  .in  knots 

V ( 1 )  =  Maximum  velocity  in  knots 

WA  *  Weight  of  armaments  in  pounds 

WS  =  Weight  of  systems  in  pounds  (electric  plant;  communication  and  con 
trol;  auxiliary  systems;  and  outfit  and  furnishings' 

FN  =  Fuel  efficiency  ratio^ 

CCF  -  Consumable  correction  factor  (fuel  external  to  hull) 

F  =  F(M)  SPECIFIC  MACHINERY  WEIGHT  in  ls/SHF(i) 

IN  =  Transmission  efficiency 

Output  Data 

DT  =  Total-  submerged  displacement 

L  Length 

D  ~  Maximum  diameter 

A  -  Bare  hull  wetted  area 

SHP(  1  )=  Max  I  MUM  PROPULSION  P"'WE  R 

WM  =  Propulsion  machinery  ant  anci  leaky  weight 

WF  =  Weight  of  fuel 

WO  =  We | Gh t  of  oxidant 

WST  =  Weight  of  storage  tanks 

WPR  -  Total  weight  of  fuel,  oxidant,  and  tanks 

WP  -  Pat  LOAD 

BHP(2)=  Normal  cruise  power 

WMPR  =  WM  4-  WPR 

HW  Hull  weight 

BW  =  Ballast  we ight 


Hull  we ight 
Ballast  we ight 


Fuel  efficiency  ratio  is  a  ratio  of  thermal  lffi 

TO  THE  EFFICIENCY  at  RAT  EC  lCAO. 


i ED  Propulsion  Systems 


PM  1 1 A  A 


VI 


7.  L  *  (DL)  D 


A  *  CS  rr  (0)  L 


8. 


9. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


i7. 


18. 


£HP(l)  *  (See  References  (12)  and  (13).) 

WHERE  EHP(l)  *  EFFECTIVE  HORSEPOWER  AT  MAXIMUM  SHIP  VELOCITY. 

SHP(  1 )  (EHP(  1 ) ) 

WM  =  SHP( 1 )  x  F 

EHP(2)  =  (See  references  (12)  and  (13).) 

WHERE  EHP(2)  *  EFFECTIVE  HORSEPOWER  at  THE  NORMAL  CRUISE  VELOCITY. 

SHP(2)  «££  EHP(2) 

WHERE  TN  =  TRANSMISSION  EFFICIENCY. 

FN  =  FUEL  EFFICIENCY  RATIO. 

BHP(2)  =  BRAKE  HORSEPOWER  AT  NORMAL  CRUISE  VELOCITY. 

T  _  S 

T~m 

WHERE  T  =  CRU I SE  TIME. 

WF  =  9MP(2j  X  T  X  Fuel 
WO  =  BHP(2)  x  T  x  OX  ID 
WST  -  WF  a  TFF  +  WO  x  TFL 
WPR  =  WF  +  WO  +  WST 


13.  HW  -  (DK) 


20.  BW  =  DT  ( 1 


1 

RBF 


) 
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Considering  the  fuel  and  oxidant  to  be  stored  in  the  pressure  hull, 
the  program  reiterates: 

WT  =  WP  +  WM  *  WPR 

DT  =  ETC  (nex.  iteration. 

Go  TO  TEST 

T  •  DT2  -  DTl  <C  GO  TO  PRINT  OUT 

EST'  DT2  X  FIND  NEW  DT 

With  fuel  and  oxidant  stored  external  to  the  pressure  hull, 

WT  =  WP  +  WM  +  (WPR ( 1  -  CCF ) ) 

DT<3>  -rrm 

WHERE  OT ( 3)  =  DISPLACEMENT  OF  PRESSURE  HULL. 

DPR  =  WPR  x  CCF 

DT  =  (DT (3)  +  DPR)  RBF 

HW  =  DT(3)  (DK) 

Exploration  of  Parameter 

An  exploratory  study  using  the  FORTRAN  program  (SOAPS)  to 

SYNTHESIZE  APPLIEO  PROPULSION  SYSTEMS  HAS  BEE*’  CONDUCTED.  THIS 
STUDY  WAS  PERFORMED  TO  OBTAIN  PRELIMINARY  GUIDANCE  CONCERNING  THE 

FOLLOWING  questions: 

a.  What  design  parameters  have  the  most  significant  effect 

ON  A  SHIP? 

8.  What  TYPE  of  Data  ON  PROPULb.^N  systems  is  most  REQUIRED? 
c.  What  items  of  a  propulsion  plant  should  BE  GivlN  most 

E MPHA  SIS? 


17 


o.  What  cruim  velocity  a no  ranges  arc  practical  for  pro¬ 
jected  PROPULSION  PLANTS? 

e.  What  are  typical  ship  c  ^placements  for  a  variety  of 

MISSIONS? 

f.  What  is  aooeo  to  submerged  displacement  when  a  pound 
OF  PAYLOAD  IS  AODEO  TO  THE  SHIP? 

To  ANSWER  THESE  QUESTIONS  AND  MANY  MORE,  THE  DATA  AS  SHOWN  IN 

Table  3,  representing  243  discrete  ship  dec  gns,  have  been  processed. 
Although  somc  of  the  results  which  will  be  presented  in  the 

FOLLOWING  SECTIONS  OF  THE  PAPER  ARE  WELL  UNDERSTOOD  BY  THE  PEOPLE 
WHO  DESIGN  AND  BUILD  SUBMARINES,  THESE  PRESENTATIONS  WILL  SHOW  HOW 
THE  PROGRAM  MAY  HANDLE  THE  UNSPECIFIED  AND  UNIQUE  CONSIDERATION  WHEN 
FACTUAL  DATA  RE PRE SE NT ! nc  THE  ANTICIPATED  SYSTEMS  BECOME  AVAILABLE. 

Figure  G  shows  the  strong  effect  of  specific  fuel  consumption 

ON  SUBMERGED  DISPLACEMENT  AS  A  FUNCTION  OF  VELOCITY  AND  CRUISE  RANGE. 

! T  IS  CONSIDERED  IMPORTANT  TO  NOTE  THAT,  FUR  THE  LOW-VE LOC I T Y ,  SHORT- 
RANGE  MISSIONS,  THE  SPECIFIC  FUEL  CONSUMPTION  DOES  NOT  SIGNIFICANTLY 
INFLUENCE  SUBMERGED  DISPLACEMENT.  FOR  THE  HIGH-VELOCITY,  LoNG-RANGE 
MISSIONS,  SUBMERGED  DISPLACEMENT  IS  APPROXIMATELY  A  DIRECT  FUNCTION 
OF  SPECIFIC  FUEL  CONSUMPTION.  ThE  OVERTAKING  CHARACTERISTIC  OF  CON¬ 
SUMABLES  ON  THE  PAYLOAD  FRACTION  (PAYLOAD  HELD  CONSTANT)  AS  RANGE 
AND  VELOCITY  ARE  INCREASED  IS  ALSO  SHOWN  IN  FIGURE  6. 
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Table  3 


Criteria  for  Exploratory  Study 


Range: 

Velocity: 

Payload: 

Hull  Form: 

Appenoage  Allowance: 

R8F : 

Specific  machine  weight: 
Specific  consumables: 


5,000,  10,000,  15,000  NM 

5,  10,  15  KNOTS  (V  MAX  =  V  AVg) 

(0.1,  1.0,  3.0)  106  LB 

(Solid  of  revolution 

( 

(DL  =  7.0 

1.15 

1.1 

10  40  70  lb/EHP 

1,  2,  3  lb/EHP-HR 
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SUBMERGED  DISPLACEMENT  SUBMERGED  DISPLACEMENT,  long  tons  XtO 


Figure  7  shows  the  effect  of  specific  propulsion  machinery 

WEIGHT  ON  SUBMERGED  DISPLACEMENT.  IT  IS  NOTED  THAT  AN  INCREASE 
IN  SPECIFIC  MACHINERY  WEIGHT  FROM  10  TO  40  AND  THEN  TO  70  POUNDS/ 

EHP  INCREASES  THE  FRACTION  OF  MACHINERY  WEIGHT  TO  SUBMERGED  DIS¬ 
PLACEMENT  FROM  0.2  TO  1.5#  FOR  THE  SYNTHESIZED  MISSION  AND  VEHICLE 
PARAMETERS.  THE  PAYLOAD ,  CONSUMABLE S ,  BALLAST,  ANO  HULL  STRUCTURE 
REPRESENT  MORE  THAN  98#  OF  THE  TOTAL  SUBMERGED  DISPLACEMENT. 

IN  THE  COURSE  OF  OUR  STUDIES,  IT  HAS  OFTEN  BEEN  QUESTIONED 
"WHAT  IS  THE  SAVINGS  IN  DISPLACEMENT  WHEN  AN  ITEM  OF  MACHINERY  IS 
LOCATED  EXTERNAL  TO  THE  PRESSURE  HULL  AS  COMPARED  TO  AN  INTERNAL 

location?"  Figure  8  shows  that  with  a  large  hull  fraction  (KD)  and 

A  COMPONENT  WITH  A  LOW  MEAN  DENSITY,  A  S.GNIFICANT  REDUCTION  IN 
DISPLACEMENT  PER  UNIT  OF  COMPONENT  WEIGHT  CAN  BE  REALIZED  BY  EXTERNAL 

location.  However,  the  lower  the  hull  fraction  and  the  greater  the 

MEAN  DENSITY  OF  THE  COMPONENT,  THE  LESS  REDUCTION  IS  NOTED. 

Consider  a  1000-pound  machinery  component  having  a  mean  density 
OF  300  pounds/cubic  FOOT,  LOCATED  EXTERNAL  TO  A  PRESSURE  HULL  OF 
MEDIUM  HULL  FRACTION.  THE  COMBINED  DISPLACEMENT  OF  THE  PRESSURE 
HULL  AND  MACHINERY  COMPONENTS  WOULD  BE  REDUCED  BY  250  POUNDS,  AS 
COMPARED  TO  THE  INTERNAL  LOCATION  OF  THE  SAME  COMPONENT. 

For  the  mission  specified  in  Figure  9,  it  is  shown  that  hull 

WEIGHT  and  TOTAL  SUBMERGED  DISPLACEMENT  ARE  A  FUNCTION  OF  CONSUMABLES 
LOCATION,  CONSUMPTION  RATE,  ANO  MEAN  DENSITY. 
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PROPULSION  MACHINERY  WEIGHT 
SUBMERGED  DISPLACEMENT 


o  b 


5,000  NM 
10,000  NM 
15,000  NM 


nery  Weight  on  Submerged  Displacement 


-  -  % 


U! 


T 


/S 


SUBMERGED  DISPLACEMENT 
( Lg.Tons  x I03) 


15  knots 


CHANGE  IN  DISPLACEMENT 
WT.  OF  COMPONENT  RELOCATED 


PRESSURE  HULL  WT  -  long  tons  X  SO5  SUBMERGED  DISPLACEMENT-  long  tons  X 10 


RANGE- 10,000  NM 
VELOCITY-15  knots 
PAYLOAD-I  X  I0«  III 


MEAN  DENSITY  OF  CONSUMABLES,  Ib/ft 


The  results  shown  in  Figure  9  indicate  that  consumables  with  a 

LOW  ENERGY  DENSITY  (3  POUND s/EHP-HOUR ) ,  WH I C H  ARE  CAPABLE  OF  BEING  STORED 
EXTERNAL  TO  THE  PRESSURE  HULL,  CAN  BE  CARRIED  BY  A  SHIP  HAVING  A  SMALL 
PRESSURE  HULL  OR  A  PRESSURE  HULL  EQUAL  IN  SIZE  TO  THAT  OF  A  SHIP 
USING  HIGH  ENERGY  DENSITY  CONSUMABLE  (l  POUNd/FHP-HOUR )  CARRIED 
WITHIN  THE  PRESSURE  HULL.  FOR  AN  EXAMPLE,  A  SHIP  USING  3  POUNDS/ 
EHP-HOUR  CONSUMABLES  WITH  A  MEAN  DENSITY  OF  86  POUNDs/cUBlC  FOOT 
AND  LOCATED  EXTERNAL  TO  THE  PRESSURE  HULL  WOULD  REQUIRE  THE  SAME 
SIZE  PRESSURE  HULL  (FOR  NEUTRAL  BUOYANCY)  AS  A  SHIP  USING  HIGH  ENERGY 
CONSUMABLES  (l  POUNo/EHP-HOUR )  WHICH  ARE  CARRIED  WITHIN  THE  PRESSURE 
HULL.  IT  IS  IMPORTANT  TO  NOTF.  THAT,  ALTHOUGH  THE  SHIP  WOULD  HAVE  A 
RELATIVELY  SMALL  PRESSURE  HULL  AS  PROVIDED  IN  THE  ABOVE  EXAMPLE,  THE 
TOTAL  SUBMERGED  DISPLACEMENT  WOULD  BE  LARGER  IN  THE  CASE  WHERE  THE 
LOW  ENERGY  DENSITY  CONSUMABLES  ARE  EMPLOYED. 

Figure  10  shows  the  ratio  of  displacement  to  payload  for  the 
synthesized  vessels.  It  is  shown  that  higher  velocity  and  longer 
cruising  ranges  imply  values  of  3  to  5  pounds  for  reasonable  pay¬ 
loads  of  1  x  IC^  to  3  x  10^  pounds.  Small  payloads  in  the  order  of 

100,000  POUNOS  PRESENT  A  SUBSTANTIALLY  HIGHER  DISPLACEMENT  TO  PAYLOAD 
RATIO. 

Figure  11  indicates  the  method  by  which  submarines  of  specified 
characteristics  can  be  selected  for  an  optimum  payload,  speed,  and 

RANGE  COMBINATION.  THIS  APPROACH  WAS  PRESENTED  IN  A  PAPER  WHICH  OUT¬ 
LINED  FEASIBILITY  STUDIES  FOR  A  HYDROFOIL  CRAFT. A  RATIO  OF  PAY- 
LOAD  TO  DISPLACEMENT  IS  PLOTTED  AGAINST  CRUISE  VELOCITY. 
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'»*  SUBMERGED  DISPLACEMENT 


Y’  AND  r°^L  Pay  loac 


IX 10*  lbs 


3X10®  lbs 


!5k«o 


Specific  Moch.wt 
consumables 
['onsmission  a 
Prop.  Efficiency 


65  Ibs/EHP 
LOlbs/BHP-br 


<1X10 6  lbs  ) 

IX 10  lbs  >5  tools 
3XI0‘lbs  J 


70  *. 


nautical  miles 


r  -  10 


PAYLOAD  /  DISPLACEMENT 


3XjO*tbi^-|j 
.IXIO#  lb*  |«n 


Consideration  of  Productivit 


\ 


(  15,000  NM 
5000  NM  \ 


5000 NM 


10,000  NM 


PRODUCTIVITY  s  p*YWA0  &  VELOCITY 

DISPLACEMENT 


10,000  NM 


PAYLOAQ  RANGE 

3X10*  lbs  5000  NM 
••  10,000  NM 

"  15,000  NM 

.1  X  lO1  lbs  5000  NM 
••  1 0,000  NM 

1 5,000  NM 


OPTIMUM  VELOCITY 

20  knots 
15  « 

12.5  - 
1 1  « 

8 

7  •• 


15,000  NM 


Specific  Mock  Wt. 
Consumobles 
Transmission  ft 
Prop  Efficiency 


65  Ibs/EHP 
1.0  lbs/  BHP  -  h» 

70% 


5  6  7  8  9  10  20 

CRUISE  VELOCITY,  knots 


30  40  50  60 


Lines  representing  a  constant  "productivity"  are  drawn  diagonally 

PROM  THE  ORDINATE  TO  THE  ABSCISSA.  PRODUCTIVITY  IS  DEFINED  AS  I'hL 
PRODUCT  OF  PAYLOAD  ANO  VELOCITY  DIVIDED  BY  DISPLACEMENT.  COST  EFFECTIVE 
NESS  CONSIDERATIONS  FOR  A  WEAPON  CARRIER  GENERALLY  WOULD  POINT  TO 
A  MAXIMUM  PRODUCTIVITY,  SINCE  GREATER  WEAPON  PAYLOADS  COULD  BE  TRANS¬ 
PORTED  PER  UNIT  OF  DISPLACEMENT.  ThE  OPTIMUM  VELOCITY  PREDICTED 

in  Figure  11  is  based  on  the  presented  hypothetical  ship  and  propul¬ 
sion  PLANT  DESIGNS.  IN  GENERAL,  IT  IS  SHOWN  THAT  A  SHORT  CRUISE  RANGE 
AND  A  LARGE  PAYLOAD  CORRESPOND  WITH  HIGH  CRUISE  VELOCITY  AND  HIGH 
PRODUCTIVITY.  RELATIVELY  SMALL  PAYLOADS  ARE  BEST  TRANSPORTED  AT  A 
LOWER  VELOCITY. 

Figure  12  presents  the  speed,  horsepover,  and  displacement 

RELATIONSHIPS  WHICH  WERE  ASSUMED  THROUGHOUT  THE  EXPLORATORY  STUDIES. 

Plant  Selection 

Figure  13  illustrates  a  method  of  presenting  a  comparison  and 

GUIDE  FOR  SELECTING  A  MINIMUM  WEIGHT  PROPULSION  PLANT  (INCLUDING 
FUEL  AND  OXIDANT)  FROM  THE  MANY  TYPES  OF  ANTICIPATED  PROPULSION 

plants.  Effective  horsepower  is  plotted  against  mission  duration. 

These  parameters  when  combined  in  this  manner  present  the  relation  of 

POWER  RATING  AND  ENERGY  STORAGE  REQUIREMENTS.  BOUNDARY  LINES  ARE 
ORAWN  TO  SEPARATE  THE  AOJACENT  PLANT  CONCEPTS  AT  AN  INTERVAL  WHERE 
THE  WEIGHT  OF  EITHER  PLANT  AND  FUEL  COMPLEMENT  IS  EQUAL.  FOR  A 
SPECIFIED  EFFECTIVE  HORSEPOWER  REQUIREMENT  AND  MISSION  DURATION, 

AN  APPROPRIATE  PROPULSION  PLANT  CAN  BE  SELECTED. 
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CLOSED  CYCL 
DIESEL, 
CONSUMABLE! 
TRANSMISSION 

a 

THRUST 

CONVERSION 


Prop  _sion  Plants 


doys 


Since  variations  in  cruise  velocity,  submergence  depth,  and  cruise 

ENOURANCE  SIGNIFICANTLY  MOOIFY  OR  RULE  OUT  CANDIDATE  SYSTEMS,  IT  WILL 
BE  NECESSARY  TO  PREPARE  SEVERAL  CHARTS  SIMILAR  TO  FIGURE  13  WITH 
PARTICULAR  REFERENCE  TO  VELOCITY  AND  SUBMERGENCE  DEPTH.  To  PREPARE 
THESE  PRESENTATIONS  AND  THE  CORRESPONDING  DATA  REPRESENTING  VARIOUS 
PLANT  PERFORMANCE  ANO  DESIGN  CHARACTERISTICS,  THE  COMPUTER  PROGRAM 
WILL  BE  UTILIZED  TO  GENERATE  SYSTEMATIC  FIRST  ORDER  DATA  FOR  EXISTING 
ANO  PROPOSED  PROPULSION  PLANTS  AS  THEY  MAY  BE  APPLIED  TO  SUBMERGED 
VEHICLES  OF  ALL  DESCRIPTIONS. 

The  success  of  our  propulsion  systems  synthesis  has  provided 

THE  IMPETUS  TO  DEVELOP  ADDITIONAL  SUBROUTINES  TO  THE  EXISTING  PROPUL¬ 
SION  PROGRAM  REPRESENTING  THE  SHIP'S  AUXILIARY  SYSTEMS  AND  ELECTRICAL 
PLANT. 

CONCLUS I  ON 

Since  it  is  anticipated  that  eventually  deep  diving  submarines 

WILL  BE  WE  I  GH'P  RATHER  THAN  VOLUME— L I M I  TED ,  A  NEW  APPROACH  TO  MACHINERY 
EVALUATION  ANO  DESIGN  IS  REQUIREO..  To  REALIZE  MINIMUM  WEIGHT  SYSTEMS, 
CRUISING  SPEEDS  MUST  BE  CONSERVATIVE.  HIGH  SPEEDS  FOR  LONG  ENDURANCE 
MISSIONS  WOULD  REQUIRE  HULL  DISPLACEMENTS  LARGER  THAN  THOSE  OF 
PRESENTLY  USED  SUBMARINES.  FOR  A  SPECIFIED  HIGH  ENERGY  MISSION, 

ECONOMY  IN  THE  USE  OF  FUEL  AND  OXIDANT  HAS  THE  MOST  SIGNIFICANT  EFFECT 
ON  SHIP  DISPLACEMENT.  CONSIDERABLE  HULL  WEIGHT  AND  THEREFORE  DISPLACE¬ 
MENT  CAN  BE  SAVED  8Y  THE  EXTERNAL  LOCATION  OF  POWER  PLANT  CONSUMABLES 
AND  MACHINERY.  CONSIDERING  A  TYPICAL  MISSION,  REDUCTIONS  IN  RATES  OF  FUEL 
ANO  OXIDANT  CONSUMPTION  ARE  MORE  IMPORTANT  THAN  REDUCTIONS  IN 
MACHINERY  WE IGHTS. 
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While  the  ratio  or  displacement  to  payload  has  been  found  to  be 


A  FUNCTION  OF  SUBMERGENCE  DEPTH,  VELOCITY,  AND  RANGE,  THE  MAGNITUDE 
OF  THE  PAYLOAD  CAT  R I  ED  IS  ALSO  QUITE  SIGNIFICANT.  In  GENERAL, 

OPTIMUM  PRODUCTIVITY  IS  REPRESENTED  BY  LARGE  PAYLOADS  TRANSPORTED  AT 
HIGH  CRUISE  VELOCITIES  FOR  SHORT  DISTANCES.  RELATIVELY  SMALL  PAYLOADS 
ARE  SHOWN  TO  BE  PRODUCTIVELY  TRANSPORTED  AT  LOW  VELOCITIES. 

The  METHODS  OF  ANALYSIS  PRESENTED  IN  THIS  PAPER  ENABLE  US  TO 
REVIEW  THE  CURRENT  STATUS  OF  CANDIDATE  PROPULSION  SYSTEMS  AND  THElR 
RELATIVE  ABILITIES  TO  MEET  THE  Navy's  REQUIREMENTS.  ThE  STUDIES 
INDICATE  AREAS  IN  WHICH  FURTHER  DEVELOPMENT  PROMISES  THE  MOST  RETURN 
IN  IMPROVED  EFFECTIVENESS. 
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